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HGH GAS AIDSORPTION METAL-ORGANIC 
FRAMEWORK 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application Ser. No. 60/669,141 filed Apr. 7, 2005. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to materials that are 

used to store gas molecules, and specifically to materials that 
store molecular hydrogen by adsorption or absorption. 

2. Background Art 
Metal-organic frameworks (“MOFs) are a rapidly grow 

ing class of porous materials for their amenability to design 
and extraordinary porosity. The recent discovery that MOFs 
take up significant amounts of hydrogen has further intensi 
fied research in this area. In particular, the focus remains on 
identifying strategies for designing MOF structures that 
would be capable of high hydrogen storage capacity. Metal 
oxide units and the organic linkers have been identified as 
important features for hydrogenbinding. More recently, it has 
been shown that interpenetrating MOFs take up more hydro 
gen than their non-interpenetrating analogues. 
The synthetic conditions that produce Cu(CO) "paddle 

wheel units in metal-organic frameworks (“MOFs), and the 
use of these materials in the design of 0-periodic discrete and 
3-periodic extended structures are known. MOF-505 is syn 
thesized using analogous conditions: the solvothermal reac 
tion of 3,3', 5,5'-biphenyltetracarboxylic acid ("HBPTC) 
(25 mg, 0.076 mmol) and Cu(NO).(H2O).5 (52 mg, 0.22 
mmol) in N,N-dimethylformamide (DMF)/ethanol/HO 
(3:3:2 ml) at 65° C. for 24 hrs gave green block shaped 
crystals (47 mg, 86% yield based on HBPTC). The resulting 
compound was found to be consistent with a formula of 
Cu(BPTC)(HO), (DMF). (HO) by elemental microanaly 
sis and single-crystal X-ray diffraction studies. 

Currently, there is much interest in developing methodol 
ogy and systems for storing hydrogen for a variety of appli 
cations. For example, hydrogen is an important fuel for fuel 
cells which generate electricity by the electrochemical oxi 
dation of hydrogen. Moreover, hydrogenas a combustion fuel 
is very environmentally friendly, generating only water as a 
combustion byproduct. Hydrogen storage for Such applica 
tions is complicated by the fact that molecular hydrogen gas 
is flammable and in some situations explosive. Alternative 
methodology for storing hydrogen exist, but each of the cur 
rent alternatives are undesirable for one or more reasons. 

Carbon dioxide removal is another current area of signifi 
cant interest. Removal of carbon dioxide from the flue 
exhaust of power plants, currently a major source of anthro 
pogenic carbon dioxide, is commonly accomplished by chill 
ing and pressurizing the exhaust or by passing the fumes 
through a fluidized bed of aqueous amine solution, both of 
which are costly and inefficient. Other methods based on 
chemisorption of carbon dioxide on oxide Surfaces or adsorp 
tion within porous silicates, carbon, and membranes have 
been pursued as means for carbon dioxide uptake. However, 
in order for an effective adsorption medium to have long term 
viability in carbon dioxide removal it should combine two 
features: (i) a periodic structure for which carbon dioxide 
uptake and release is fully reversible, and (ii) a flexibility with 
which chemical functionalization and molecular level fine 
tuning can be achieved for optimized uptake capacities. 
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2 
Accordingly, there is a need for material with high molecu 

lar hydrogen storage capacity. 

SUMMARY OF THE INVENTION 

The present invention solves one or more problems of the 
prior art by providing in one embodiment a hydrogen storage 
material comprising a metal-organic framework. The metal 
organic framework of the present embodiment includes a 
plurality of metal clusters and a plurality of charged multi 
dentate linking ligands that connect adjacent metal clusters. 
Each metal cluster includes one or more metal ions and at 
least one open metal site. Advantageously, the metal-organic 
framework includes one or more sites for storing molecular 
hydrogen. 

In another embodiment of the present invention, a gas 
storage material comprising a metal-organic framework is 
provided. The metal-organic framework of the present 
embodiment includes a plurality of metal clusters and a plu 
rality of charged multidentate linking ligands that connect 
adjacent metal clusters. Each metal cluster includes one or 
more metalions and at least one accessible metal site. Advan 
tageously, the metal-organic framework includes one or more 
sites for storing gas molecules. 

In yet another embodiment of the present invention, a 
method of forming the gas storage material set forth above is 
provided. The metal-organic framework is formed by com 
bining a solution comprising a solvent and metalions selected 
from the group consisting of Group 1 through 16 metals 
including actinides, and lanthanides, and combinations 
thereof with a multidentate linking ligand to form a precursor 
metal-organic framework. The precursor metal-organic 
framework is activated by removing one or more ligands to 
expose one or more open metal sites. 

In still another embodiment of the present invention, a gas 
storage system is provided. The gas storage system of this 
embodiment utilizes the gas storage material set forth above. 
In a variation, the gas storage system is configured to separate 
a target gas from a gaseous mixture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic illustration of a gas storage system 
using the gas storage material of at least one embodiment of 
the present invention; 

FIG. 1B is a schematic illustration of a variation of the 
present invention useful for separating a gaseous mixture; 

FIGS. 2A-G provide the single crystal X-ray structure of 
Cu2(BPTC)(HO).(DMF). (HO) (named MOF-505) show 
ing (A) Cu(CO) units (quare SBUs) and (B) BPTC units 
(rectangular SBUs) that are (C) orthogonally joined. The 
overall 3-periodic crystal structure (D and E) has two differ 
ent types of pores and an underlying NbO type net (F and G). 
(Cu, larger gray sphere; C, black sphere; O. Smaller gray 
sphere). Hydrogen atoms, guest molecules and terminal Sol 
vent molecules have been omitted for clarity: 

FIG. 3 provides N isotherms for MOF-505 (77° K) after 
three different activation stages: stage I (25° C. Squares), 
stage II (70°C., triangles) and stage III (120°C., circles); and 

FIG. 4 provides H isotherms for MOF-505 (77 K) after 
three different activation stages: stage I (25° C. Squares), 
stage II (70° C., triangles) and stage III (120° C., circles). 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

Reference will now be made in detail to presently preferred 
compositions or embodiments and methods of the invention, 
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which constitute the best modes of practicing the invention 
presently known to the inventors. 
As used herein “linking ligand’ means a chemical species 

(including neutral molecules and ions) that coordinate two or 
more metals resulting in an increase in their separation, and 
the definition of void regions or channels in the framework 
that is produced. Examples include 4,4'-bipyridine (a neutral, 
multiple N-donor molecule) and benzene-1,4-dicarboxylate 
(a polycarboxylate anion). 
As used herein “non-linking ligand’ means a chemical 

species that is coordinated to a metal but does not act as a 
linker. 
As used herein 'guest’ means any chemical species that 

resides within the void regions of an open framework solid 
that is not considered integral to the framework. Examples 
include: molecules of the solvent that fill the void regions 
during the synthetic process, other molecules that are 
exchanged for the solvent Such as during immersion (via 
diffusion) or after evacuation of the solvent molecules, such 
as gases in a sorption experiment. 
As used herein “charge-balancing species' means a 

charged guest species that balances the charge of the frame 
work. Quite often this species is strongly bound to the frame 
work, i.e. via hydrogen bonds. It may decompose upon evacu 
ation to leave a smaller charged species (see below), or be 
exchanged for an equivalently charged species, but typically 
it cannot be removed from the pore of a metal-organic frame 
work without collapse. 
As used herein “space-filling agent’ means a guest species 

that fills the Void regions of an open framework during Syn 
thesis. Materials that exhibit permanent porosity remain 
intact after removal of the space-filling agent via heating 
and/or evacuation. Examples include: Solvent molecules or 
molecular charge-balancing species. The latter may decom 
pose upon heating, Such that their gaseous products are easily 
evacuated and a smaller charge-balancing species remain in 
the pore (i.e. protons). Sometimes space filling agents are 
referred to as templating agents. 
As used herein “accessible metal site' means a site in a 

metal cluster and, in particular, a position adjacent to a metal 
in a metal cluster available for a chemical moiety Such as a 
ligand to attach. 
As used herein “open metal site' means a site in a metal 

cluster and, in particular, a position adjacent to a metal in a 
metal cluster from which a ligand or other chemical moiety 
has been removed, rendering that metal cluster reactive for 
adsorption of a chemical species having available electron 
density for attachment to the metal cluster and, in particular, 
a metal in the metal cluster. 
As used herein “metal cluster” means any metal containing 

moiety present in a metal-organic framework. This definition 
embracing single metal atoms or metal ions to groups of 
metals or metal ions that optionally include ligands or 
covalently bonded groups. 

In one embodiment of the present invention, a gas storage 
material comprising a metal-organic framework is provided. 
The metal-organic framework of the present embodiment 
includes a plurality of metal clusters and a plurality of 
charged multidentate linking ligands that connect adjacent 
metal clusters. Each metal cluster includes one or more metal 
ions and at least one open metal site. Advantageously, the 
metal-organic framework includes one or more sites for Stor 
ing gas molecules. In this embodiment, the one or more sites 
include the at least one open metal site. Gases that may be 
stored in the gas storage material of the invention include gas 
molecules comprising available electron density for attach 
ment to the one or more sites for storing gas. Such electron 
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4 
density includes molecules having multiple bonds between 
two atoms contained therein or molecules having a lone pair 
of electrons. Suitable examples of such gases include, but are 
not limited to, the gases comprising a component selected 
from the group consisting of ammonia, argon, carbon diox 
ide, carbon monoxide, hydrogen, and combinations thereof. 
In a particularly useful variation of the present embodiment, 
the gas storage material is a hydrogen storage material that is 
used to store hydrogen (H). In another particularly useful 
variation, the gas storage material is a carbon dioxide storage 
material that may be used to separate carbon dioxide from a 
gaseous mixture. 

In a variation of this embodiment, the open metal site is 
formed by activating a precursor metal-organic framework. 
In a refinement, this activation involves removing one or more 
chemical moieties from the metal cluster. Typically, Such 
moieties are ligands complexed to or bonded to a metal or 
metalion within the metal clusters. Moreover, such moieties 
include species such as water, solvent molecules contained 
within the metal clusters, and other chemical moieties having 
electron density available for attachment to the metal cluster 
and/or metal atoms or ions contained therein. Such electron 
density includes molecules having multiple bonds between 
two atoms contained therein or molecules having a lone pair 
of electrons. 

In another embodiment of the present invention, a gas 
storage material comprising a metal-organic framework is 
provided. The metal-organic framework of the present 
embodiment includes a plurality of metal clusters and a plu 
rality of charged multidentate linking ligands that connect 
adjacent metal clusters. Each metal cluster includes one or 
more metalions and at least one accessible metal site. Advan 
tageously, the metal-organic framework includes one or more 
sites for storing gas molecules. In this embodiment, the one or 
more sites include the at least one accessible metal site. Gases 
that may be stored in the gas storage material of the invention 
include gas molecules comprising available electron density 
for attachment to the one or more sites for storing gas. Suit 
able examples of such gases include, but are not limited to, the 
gases comprising a component selected from the group con 
sisting of ammonia, argon, carbon dioxide, carbon monoxide, 
hydrogen, and combinations thereof. In one variation of this 
embodiment, the accessible metal site is an open metal site. 
The metal-organic frameworks used in the embodiments of 

the invention include a plurality of pores for gas adsorption. 
In one variation, the plurality of pores has a unimodal size 
distribution. In another variation, the plurality of pores have a 
multimodal (e.g., bimodal) size distribution. 

In another variation of the embodiments of the gas storage 
materials set forth above, the metal organic frameworks 
include metal clusters comprising one or more metal ions. In 
another variation, the metal-organic frameworks include 
metal clusters that comprise two or more metal ions. In still 
another variation, the metal-organic frameworks include 
metal clusters that comprise three or more metal ions. The 
metalion may be selected from the group consisting of Group 
1 through 16 metals of the IUPAC Periodic Table of the 
Elements including actinides, and lanthanides, and combina 
tions thereof. Examples of suitable metal ions include Li", 
Na', K", Rb", Be?", Mg, Ca", Sr.", Ba?", Sc",Y", Ti", 
Zr", Hi?t, v4+, v3+, v2+, Nb", Tast, Cr3+, Mo", W3+, 
Mn", Mn?", Re", Re?", Fe 3+. Fe 2+. Ru", Ru?", Os", Os?", 
Co", Co?", Rh?", Rh", Ir?", Ir", Ni2+, Ni", Pd2", Pd", Pt?", 
Pt", Cut, Cu, Ag", Au, Zn, Cd", Hg, Al", Ga", In, 
T13+, Si", Si?", Ge 4. Ge", Sn", Sn?", Pb?", Pb2+, As", 
As, As", Sb, Sb, Sb, Bi, Bi, Bi, and combinations 
thereof. 
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In still another variation of the gas storage materials set 
forth above, the metal cluster has formula MX, where M is 
metalion, X is selected from the group consisting of a Group 
14 through Group 17 anion, m is an integer from 1 to 10, and 
n is a number selected to charge balance the metal cluster so 
that the metal cluster has a predetermined electric charge. In 
a further refinement, X is selected from the group consisting 
of O, N, and S. In another refinement, M is selected from the 
group consisting of Mg, Ca", Sr.", Ba, V, V, V", 
v5+. Mn?", Re?", Fe?", Fe", Ru", Ru?", Os?", Co?", Rh?", 
Ir2", Ni2+, Pd2", Pt2+, Cu?", Zn2", Cd?", Hg", Si2+, Ge?", 
Sn", and Pb. 

In still another variation of the gas storage materials set 
forth above, the multidentate ligand has 6 or more atoms 
incorporated into aromatic rings. In other variations, the mul 
tidentate ligand has 12 or more atoms incorporated in aro 
matic rings. In yet another variation, the multidentate ligand 
has 16 or more atoms incorporated into aromatic rings. 
Examples of useful multidentate ligands include the ligands 
having formulae 1 through 20: 
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-continued 
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(BPTC) 

wherein X is hydrogen, —NHR, —N(R), halides, Co 
alkyl, Cs aryl, or Cs aralky, —NH, alkenyl, alkynyl, 
—Oalkyl, -NH(aryl), cycloalkyl, cycloalkenyl, cycloalky 
nyl, —(CO)R. —(SO)R. —(CO)R —SH, —S(alkyl). 
–SOH, -SOM', -COOH, -COOM", PO.H., 
POHM, POM", or POM", NO, 

—COH, silyl derivatives; borane derivatives; and ferrocenes 
and other metallocenes; M is a metal atom, and R is Co 
alkyl. 
The metal-organic framework used in the present invention 

optionally further comprises a non-linking ligand. In a varia 
tion, the non-linking ligand is selected from the group con 
sisting of O', sulfate, nitrate, nitrite, sulfite, bisulfite, phos 
phate, hydrogen phosphate, dihydrogen phosphate, 
diphosphate, triphosphate, phosphite, chloride, chlorate, bro 
mide, bromate, iodide, iodate, carbonate, bicarbonate, Sul 
fide, hydrogen Sulphate, selenide, selenate, hydrogen sel 
enate, telluride, tellurate, hydrogen tellurate, nitride, 
phosphide, arsenide, arsenate, hydrogen arsenate, dihydro 
gen arsenate, antimonide, antimonate, hydrogen antimonate, 
dihydrogen antimonate, fluoride, boride, borate, hydrogen 
borate, perchlorate, chlorite, hypochlorite, perbromate, bro 
mite, hypobromite, periodate, iodite, hypoiodite; and combi 
nations thereof. 
The metal-organic frameworks of the present invention 

optionally further comprise space-filling agents, adsorbed 
chemical species, guest species, and combinations thereof. In 
Some variations of the invention, space-filling agents, 
adsorbed chemical species and guest species increase the 
Surface area of the metal-organic framework. Suitable space 
filling agents include, for example, a component selected 
from the group consisting of 

a. alkyl amines and their corresponding alkyl ammonium 
salts, containing linear, branched, or cyclic aliphatic groups, 
having from 1 to 20 carbon atoms; 

b. aryl amines and their corresponding aryl ammonium 
salts having from 1 to 5 phenyl rings; 

c. alkyl phosphonium salts, containing linear, branched, or 
cyclic aliphatic groups, having from 1 to 20 carbon atoms; 

d. aryl phosphonium salts, having from 1 to 5 phenyl rings, 
e. alkyl organic acids and their corresponding salts, con 

taining linear, branched, or cyclic aliphatic groups, having 
from 1 to 20 carbon atoms; 

faryl organic acids and their corresponding salts, having 
from 1 to 5 phenyl rings; 

g. aliphatic alcohols, containing linear, branched, or cyclic 
aliphatic groups, having from 1 to 20 carbon atoms; 

h. aryl alcohols having from 1 to 5 phenyl rings; 
i. inorganic anions from the group consisting of Sulfate, 

nitrate, nitrite, Sulfite, bisulfite, phosphate, hydrogen phos 
phate, dihydrogen phosphate, diphosphate, triphosphate, 
phosphite, chloride, chlorate, bromide, bromate, iodide, 
iodate, carbonate, bicarbonate, O, diphosphate, sulfide, 
hydrogen Sulphate, selenide, selenate, hydrogen selenate, tel 
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10 
luride, tellurate, hydrogen tellurate, nitride, phosphide, ars 
enide, arsenate, hydrogen arsenate, dihydrogen arsenate, 
antimonide, antimonate, hydrogen antimonate, dihydrogen 
antimonate, fluoride, boride, borate, hydrogen borate, per 
chlorate, chlorite, hypochlorite, perbromate, bromite, hypo 
bromite, periodate, iodite, hypoiodite, and the corresponding 
acids and salts of said inorganic anions; 

j. ammonia, carbon dioxide, methane, oxygen, argon, 
nitrogen, ethylene, hexane, benzene, toluene, Xylene, chlo 
robenzene, nitrobenzene, naphthalene, thiophene, pyridine, 
acetone, 1,2-dichloroethane, methylenechloride, tetrahydro 
furan, ethanolamine, triethylamine, trifluoromethylsulfonic 
acid, N,N-dimethyl formamide, N,N-diethyl formamide, 
dimethylsulfoxide, chloroform, bromoform, dibro 
momethane, iodoform, diiodomethane, halogenated organic 
solvents, N,N-dimethylacetamide, N,N-diethylacetamide, 
1-methyl-2-pyrrolidinone, amide solvents, methylpyridine, 
dimethylpyridine, diethylethe, and mixtures thereof. 
Examples of adsorbed chemical species include ammonia, 
carbon dioxide, carbon monoxide, hydrogen, amines, meth 
ane, oxygen, argon, nitrogen, argon, organic dyes, polycyclic 
organic molecules, and combinations thereof. Finally, 
examples of guest species are organic molecules with a 
molecular weight less than 100 g/mol, organic molecules 
with a molecular weight less than 300 g/mol, organic mol 
ecules with a molecular weight less than 600 g/mol, organic 
molecules with a molecular weight greater than 600 g/mol. 
organic molecules containing at least one aromatic ring, poly 
cyclic aromatic hydrocarbons, and metal complexes having 
formula MX, where M is metalion, X is selected from the 
group consisting of a Group 14 through Group 17 anion, m is 
an integer from 1 to 10, and n is a number selected to charge 
balance the metal cluster so that the metal cluster has a pre 
determined electric charge, and combinations thereof. In 
Some variations, adsorbed chemical species, guest species, 
and space-filling agents are introduced in the metal-organic 
frameworks by contacting the metal-organic frameworks 
with a pre-selected chemical species, guest species, or space 
filling agent. In another variation of the present invention, the 
metal organic framework comprises an interpenetrating 
metal-organic framework that increases the Surface area of 
the metal-organic framework. 

In still another embodiment of the present invention, a 
method of forming the gas storage material set forth above is 
provided. The metal-organic framework is formed by com 
bining a solution comprising a solvent and metalions selected 
from the group consisting of Group 1 through 16 metals 
including actinides, and lanthanides, and combinations 
thereof with a multidentate linking ligand to form a percursor 
MOF. Suitable metal ions and multidentate lignands are 
described above. Examples of useful precursor metal-organic 
frameworks include, but are not limited to, the metal-organic 
frameworks disclosed in U.S. Pat. Nos. 5,648,508; 6,617,467: 
6,624,318; 6,893,564; 6,929,679; 6,930, 193; and 7,008,607; 
and in U.S. Pat. Appl. Nos. 20030078311; 20040225134; 
2004024.9189: 20040265670; 20050004.404: 20050154222; 
20050192175; and 20060057057. The disclosures of each of 
these patents and patent applications are hereby incorporated 
by reference in their entireties. The metal-organic frame 
works in these patents and patent applications that are useful 
as precursor metal-organic frameworks in the present inven 
tion are those frameworks that have a ligand or other chemical 
moiety that can be removed from a metal cluster thereby 
rendering that metal cluster reactive for adsorption of a 
chemical species. Moreover, such ligands include species 
Such as water, Solvent molecules contained within the metal 
clusters, and other chemical moieties having electron density 
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available for attachment to the metal cluster and/or metal 
atoms or ions contained therein. Optionally, the Solution also 
includes one or more counterions. Suitable counterions 
include, for example, Sulfate, nitrate, halogen, phosphate, 
ammonium, and mixtures thereof. One or more ligands are 
removed from the precursor MOF to expose one or more open 
metal sites. 

In one variation of the present embodiment, the one or 
more ligands are removed by heating the precursor MOF. 
Typically, in this variation, the precursor MOF is heated to a 
temperature from about 30° C. to about 300° C. In another 
variation, the one or more ligands are removed by exposing 
the precursor MOF to a vacuum. Typically, the vacuum is 
characterized by having a pressure less than 10 torr. In other 
variations, from about 10 torr to about 700 torr. In still 
another variation of the invention, the one or more ligands are 
removed by simultaneously heating the precursor MOF and 
by exposing the precursor MOF to a vacuum. In still another 
variation, the solution used in the method of the present 
invention may also include space-filling agents. Examples of 
Suitable space-filling agents are set forth above. In a refine 
ment of each of these variations, one or more ligands of the 
precursor MOF may be exchanged with another ligand or 
ligands that are more easily removed by Subquent heating 
and/or exposure to a vacuum. 

In another embodiment of the present invention, a gas 
storage system is provided. The gas storage system of this 
embodiment utilizes the gas storage material set forth above. 
As set forth above, gases that are storable by the present 
embodiment include any gaseous species having available 
electron density for attachment to the one or more sites for 
storing a gas in the metal-organic frameworks. Such gases 
include, but are not limited to, ammonia, argon, carbon diox 
ide, carbon monoxide, hydrogen, and combinations thereof. 
In a variation of this embodiment, the gas storage system is 
used as a gas separation system by removing and storing one 
or more target gases from a gaseous mixture. In one important 
variation, the gas storage system is used to store hydrogen 
and, therefore, is a hydrogen storage system. With reference 
to FIG. 1A, a schematic illustration of the gas storage system 
of the present embodiment is provided. Hydrogen storage 
system 10 includes container 12 which includes storage cav 
ity 14. 

Gas storage material 16 is positioned within container 12 
filling at least a portion of gas storage cavity 14. Gas Storage 
material 16 comprises a metal-organic framework as set forth 
above. Specifically, the metal-organic framework includes a 
plurality of metal clusters, and a plurality of charged multi 
dentate linking ligands that connects adjacent metal clusters. 
The details of the linking ligands and the metal cluster are the 
same as that set forth above. 

Still referring to FIG. 1A, gas storage system 10 further 
includes conduit 18 through which gas is introduced and 
removed. In another variation of the present invention, gas 
storage system 10 includes separate conduits for introducing 
gas (e.g., hydrogen) and for removing gas. Gas storage sys 
tem 10 may also include valve 20 for closing off container 12 
as needed. In one variation, after gas is introduced into con 
tainer 12 and stored within gas storage material 16, valve 20 
is closed off. Subsequently, when the gas is needed the stored 
gas is released by heating gas storage material 16 via heaters 
22, 24. In another variation, the stored gas is removed under 
reduced pressure provided by pump 26 acting through con 
duit 28 and made available for subsequent use via outlet 
conduit 30. 

With reference to FIG. 1B, a schematic illustration of a 
variation useful for separating a gaseous mixture is provided. 
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12 
Gas separation system 40 includes conduit 42 through which 
gaseous mixture 44 is introduced via inlet 46. Gaseous mix 
ture 44 is directed through gas storage material 48 exiting 
through outlet 50. Gas storage material 48 is optionally con 
fined to region 50 by barriers 52, 54 which are permeable to 
gas flow. As set forth above, target gases that can be separated 
form a gaseous mixture including any gaseous species having 
available electron density for attachment to the one or more 
sites for storing a gas in the metal-organic frameworks. Such 
target gases include, but are not limited to, ammonia, argon, 
carbon dioxide, carbon monoxide, hydrogen, and combina 
tions thereof. In a refinement of the variation, the gas storage 
material removes carbon dioxide from a gaseous mixture and, 
in particular, a gaseous mixture emanating from industrial 
plants. 
The following examples illustrate the various embodi 

ments of the present invention. Those skilled in the art will 
recognize many variations that are within the spirit of the 
present invention and scope of the claims. 
1. Hydrogen Adsorption 
The Cu(CO) unit is a square secondary building unit 

(“SBU) (FIG. 2A) that is defined by the carboxylate carbon 
atoms, and the BPTC unit is a rectangular SBU that is 
defined by its 3,3', 5 and 5' carbon atoms (FIG. 2B). The 
carboxylate functionalities of the BPTC ligand are nearly 
planar (the dihedral angle between carboxylate and phenyl 
ring is 7.4°) with the biphenyl rings, thus when the square 
SBUs are linked to the biphenyl rings, they must be mutually 
orthogonal (FIG. 2C), an aspect that is the hallmark of the 
NbO topology. The crystal structure of MOF-505 (FIGS. 2D 
and 2E) clearly show that the link has predisposed the inor 
ganic square SBUs at nearly 90° angles (94.4°) to the organic 
rectangular SBUs. This arrangement yields an overall 3-pe 
riodic network which has a bimodal distribution of pores. The 
first of these pores is defined by six inorganic SBUs (repre 
senting the faces of a cubic NbO subunit) with a spherical 
volume of 290A and pore diameter of 8.30 A (FIGS. 2D and 
2G), while the second, and larger pore, is defined by six 
organic SBUs (again representing the faces of a cubic NbO 
subunit) and has a solvent accessible void of 540 A and pore 
diameter of 10.10 A (FIGS. 2E and 2G). These roughly 
spherical pores are arranged in a rhombohedrally distorted 
CsCl-type fashion with the small pores surrounded by eight 
large pores, each of which is also surrounded by eight of the 
Small pores. There are a total of six pores (three large and 
three Small) per unit cell which are coupled through an inter 
connected porous network of 6.70 A diameter apertures. This 
provides a total accessible free volume of 2,713 A (37.1%). 
Thermal gravimetric analysis (TGA) and powder X-ray dif 
fraction (PXRD) patterns are used to evaluate framework 
stability under solvent exchange conditions. PXRD reveals 
the same pattern of intense diffraction lines in each of the 
simulated, as-synthesized, and acetone-exchanged materials. 
However, upon desolvation of the exchanged material, 
decreased diffraction intensities and broadened reflections 
are observed in the PXRD. This indicates some loss of long 
range order but not necessarily loss of porosity as detailed 
below. A TGA study is undertaken to examine the thermal 
stability of MOF-505 and estimate the temperature of desol 
vation. An observed weight loss of 30.83% below 250° C. 
corresponds to the liberation of 2.5 acetone and 3 water mol 
ecules per CuBPTC formula unit (Calcd: 30.53%). 
To evaluate whether the framework structure is maintained 

upon evacuation of the pores, gas sorption are obtained iso 
therms using a Cahn C-1000 microgravimetric balance to 
measure the change in mass of samples Suspended within a 
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glass enclosure under a chosen gas atmosphere. The as-syn 
thesized MOF-505 crystalline sample is activated by immer 
sion in acetone for 72 hr (3x50 ml/24 hr) to exchange the 
DMF guests. The resulting damp blue-green solid (617 mg) is 
loaded into the apparatus and evacuated (<10 torr) in three 
stages while both weight loss and color changes are recorded: 
(I) 15 hours at room temperature (to 358 mg, 42.0% weight 
loss, light blue), (II) heating at 70° C. for 15 hours (to 325 mg. 
5.3% weight loss, dark blue), and (III) a final dehydration at 
120° C. for 12 hours (to 296 mg 4.7% weight loss, purple) 
resulting in the evacuated Sample. Nitrogen and hydrogen 
isotherms are obtained for this sample at each of these acti 
vation stages (I-III) as described below. To ensure complete 
removal of all volatile contaminants from the system, the gas 
manifold is evacuated overnight and heated to 100° C. prior to 
the introduction of gas. The system is purged three times at 
room temperature with the gas to be studied (ultra-high purity 
grade, 99.999%) before cooling to 77° K with liquid nitrogen 
(“LN2). The sample temperature is monitored by a thermo 
couple Suspended in close proximity to the sample. Pressures 
are measured with two MKS Baratron 622A pressure trans 
ducers (10 and 1000 torr, accuracy +0.25% of range). The gas 
is introduced incrementally and data points are recorded 
when no further change in mass is observed (<0.02 mg/10 
min). An empirical buoyancy correction is applied to all data 
points based on the buoyancy experienced by standard alu 
minum foil weights within the pressure range of the gas at 77° 
K. 

Nitrogensorption by this material clearly shows reversible 
Type I isotherms at each of the activation stages shown in 
FIG.3, indicative of permanent microporosity and pore rigid 
ity. At stage I (25°C.) an uptake of 278 mg/g is achieved, with 
an equivalent Langmuir Surface area (A) of 967 m/g, and 
K=0.193 for a 16.2 A molecular cross-section. Assuming 
liquid nitrogen density (0.808 g/cm) in the pores, extrapola 
tion of the Dubinin-Radushkevich equation from the low 
pressure data points yield an available micropore Volume 
(V) of 0.33 cm/g. Further evacuation of the pores (stage II) 
removes an additional 5.3% of guests, providing a 36% 
greater uptake (386 mg/g, As=1.343 m/g, K-0.327, and 
V=0.45 cm/g) than that observed in the first stage. The fully 
activated material obtained after stage III shows a substantial 
increase in the sorption to give a final Nuptake of 526 mg/g 
(AS=1,830 m2/g, KN2=0.362, and Vp=0.63 cm3/g). These 
data are summarized in Table 1. 

TABLE 1 

Sorption Data for MOF-505 
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14 
without much higher pressures. The isotherms measured (0 to 
750 torr) did not show saturation, however, the maximum 
uptake at 750 torr for each of the three hydrogen isotherms 
demonstrate similar capacity increases to those observed in 
the nitrogen isotherms, with the fully activated MOF-505 
adsorbing an exceptional 2.47 wt % hydrogen at 750 torrand 
77° K. This extraordinary hydrogen sorption capacity is 
unprecedented in previously reported MOF materials. 

Removal of non-coordinated guests during activation has 
at least two positive effects on adsorption capacity: decrease 
of sample mass and increase of available micropore Volume. 
However, removal of the water ligands (bound axially to the 
copper centers) has the same benefits, plus introduction of 
metal sites that are believed to enhance the hydrogen-frame 
work interaction. The existence of Such open metal sites in 
MOFs has been fully characterized by single crystal X-ray 
diffraction of MOF-11. If open metal sites are advantageous 
to higher uptake, then the last few weight percent lost during 
activation (stages II and III) would yield a disproportionately 
greater adsorption capacity when compared with the capacity 
at the initial stage of activation (stage I). Room temperature 
evacuation overnight (stage I) yields an initial hydrogen 
uptake of 14.10 mg/g (1.41 wt % H). The second activation 
step (stage II) removes an additional 5.3 wt % (partial dehy 
dration) and increases the hydrogen uptake by 5.62 mg/g 
(19.72 mg/g, 1.97 wt % H). Further removal of 4.7 wt % 
(stage III, complete dehydration) increases the hydrogen 
uptake capacity by an additional 4.98 mg/g to 24.70 mg/g or 
2.47 wt % H. Upon comparison the initial activation step 
(stage I, evacuation of bulk guests) showed an increase in 
hydrogen sorption of 0.34 mg/g per percent mass loss 
whereas the last two activation steps (stages II and III, dehy 
dration with loss of six waters) showed a corresponding 
increase of 1.06 mg/g per percent mass loss during activation. 
Indeed, at stage I the H2 uptake (77K) is 14.1 mg/g, while the 
fully activated material (stage III) containing open metal-sites 
displays an uptake nearly twice the magnitude (24.7 mg/g) 
despite only a 10% mass loss. The lack of any hysteresis in the 
isotherm illustrates that this physisorptive process is com 
pletely reversible, and that the presence of these open metal 
sites does not hamper the desorption process, nor do the 6.70 
A pore apertures significantly hinder adsorbate diffusion. 
Although there are slight curvatures in the Langmuir plots 
leading to Some degree the uncertainty, Some insight pertinent 
to this specific system can still be gained. The increasing K. 

Uptake A wt % H2 
Activation mg/g Langmuir Fit' DR plot uptake 

Stage (C.) N2 H2 A. (m?g) KN2 (torr). Kir (or " V. cong) A% mass loss 

I 2S 278 14.1 967 O.193 O.OO71 O.33 O.34 
II 7O 386 19.7 1,343 0.327 O.OO70 O45 1.06 
III 120 S26 24.7 1,830 O.362 O.OO86 O.63 1.06 

Calculated using a Langmuir fit of the data 
Calculated Kvalues from N data 
Calculated K values from H2 data 
Pore volume (V) calculated through extrapolation of the Dubinin-Radushkevich (DR) equation 

The hydrogenisotherms of MOF-505 measured at 77 Kat 
the same stages of activation are shown in FIG. 4. This tem 
perature is well above the critical temperature (33° K.) for 
hydrogen, Suggesting that condensation in the pores would be 
unlikely, and complete Saturation would not be achieved 

65 

values reveal a trend toward increasing hydrogen affinity of 
the fully dehydrated framework relative to the partially evacu 
ated material. Based on these data the presence of these 
open-metal sites is shown to enhance the MOF-505 hydrogen 
adsorption capacity. 
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Each stage of the activation is also accompanied by distinct 
changes in sample appearance. As-synthesized MOF-505 is 
blue-green and the first stage activation changes this to light 
blue; further activation deepens the blue color while the final 
activation step yields a deep purple colored material. An 
activated sample exposed to ambient air for 36 hours showed 
a dramatic color change from purple back to blue-green with 
the subsequent TGA showing a loss of 18.7 wt.% below 250° 
C., corresponding to loss of six waters per CuBPTC formula 
unit (Calcd: 19.3%). Undoubtedly, two of these water mol 
ecules are axially coordinated to the paddlewheels while the 
remaining four may be located in the equatorial quadrants 
defined by adjacent carboxylate groups of every paddlewheel. 

While embodiments of the invention have been illustrated 
and described, it is not intended that these embodiments 
illustrate and describe all possible forms of the invention. 
Rather, the words used in the specification are words of 
description rather than limitation, and it is understood that 
various changes may be made without departing from the 
spirit and scope of the invention. 
What is claimed is: 
1. A gas storage material comprising a metal-organic 

framework, the metal-organic framework comprising: 
a plurality of metal clusters, each metal cluster comprising 

one or more metal ions and at least open metal site; and 
a plurality of charged multidentate linking ligands that 

connect adjacent metal clusters, wherein the metal-or 
ganic framework includes one or more sites for storing a 
gas, the gas comprising available electron density for 
attachment to the one or more sites for storing gas. 

2. The gas storage material of claim 1 wherein the metal 
organic framework further comprises a plurality of pores for 
gas adsorption. 

3. The gas storage material of claim 1 wherein the plurality 
of pores have a multimodal size distribution. 

4. The gas storage material of claim 1 wherein the gas 
comprises a component selected from the group consisting of 
ammonia, argon, carbon dioxide, carbon monoxide, hydro 
gen, and combinations thereof. 

5. The gas storage material of claim 1 wherein each metal 
cluster comprises 2 or more metal ions and each ligand of the 
plurality of multidentate ligand includes 2 or more carboxy 
lates. 

6. The gas storage material of claim 1 wherein the metalion 
selected from the group consisting of Group 1 through 16 
metals of the IUPAC Periodic Table of the Elements including 
actinides, and lanthanides, and combinations thereof. 

7. The gas storage material of claim 1 wherein the metalion 
selected from the group consisting of Li", Na', K", Rb", Be", 
Mg", Ca?", Sr.", Ba?", Sc", Y3+, Ti4+, Zr", Hf, v4+, v3+, 
v2+, Nb", Ta", Cr", Mo", W3+, Mn", Mn?", Re", Re?", 
Fe", Fe?", Ru", Ru?", Os", Os?", Co.", Co?", Rh?", Rh", 
Ir?", Ir', Ni", Ni, Pd?", Pd, Pt?", Pt", Cu?", Cu, Ag", Au", 
Zn?", Cd?", Hg", Al", Ga", In", T13+. Si", Si2", Ge", 
Ge?", Sn", Sn?", Pb, Pb2+, Ass", Ast, As", Sbs", Sb, 
Sb", Bi", Bi", Bi", and combinations thereof. 

8. The gas storage material of claim 1 wherein the metal 
cluster has formula MX, where M is metalion, X is selected 
from the group consisting of Group 14 through Group 17 
anion, m is an integer from 1 to 10, and n is a number selected 
to charge balance the metal cluster so that the metal cluster 
has a predetermined electric charge. 

9. The gas storage material of claim 8 wherein X is selected 
from the group consisting of O, N, and S. 

10. The gas storage material of claim 8 wherein M is 
selected from the group consisting of Mg", Ca", Sr", Ba", 
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16 
v2+, v3+. v4+, v5+. Mn?", Re?", Fe?", Fe", Ru", Ru?", Os?", 
Co?", Rh?", Ir?", Ni?", Pd?", Pt.2", Cu?", Zn?", Cd?", Hg", 
Si2", Ge?", Sn?", and Pb2+. 

11. The gas storage material of claim 7 wherein the metal 
organic framework further comprises a non-linking ligand. 

12. The gas storage material of claim 7 wherein the non 
linking ligand is selected from the group consisting of Of, 
Sulfate, nitrate, nitrite, Sulfite, bisulfite, phosphate, hydrogen 
phosphate, dihydrogen phosphate, diphosphate, triphos 
phate, phosphite, chloride, chlorate, bromide, bromate, 
iodide, iodate, carbonate, bicarbonate, Sulfide, hydrogen Sul 
phate, Selenide, selenate, hydrogen selenate, telluride, tellu 
rate, hydrogen tellurate, nitride, phosphide, arsenide, arsen 
ate, hydrogen arsenate, dihydrogen arsenate, antimonide, 
antimonate, hydrogen antimonate, dihydrogen antimonate, 
fluoride, boride, borate, hydrogenborate, perchlorate, chlo 
rite, hypochlorite, perbromate, bromite, hypobromite, perio 
date, iodite, hypoiodite; and mixtures thereof. 

13. The gas storage material of claim 1 wherein the metal 
organic framework further comprising a guest species. 

14. The gas storage material of claim 13 wherein the guest 
species increase the Surface area of the metal-organic frame 
work. 

15. The gas storage material of claim 13 wherein the guest 
species is selected from the group consisting of organic mol 
ecules with a molecular weight less than 100 g/mol, organic 
molecules with a molecular weight less than 300 g/mol, 
organic molecules with a molecular weight less than 600 
g/mol, organic molecules with a molecular weight greater 
than 600 g/mol, organic molecules containing at least one 
aromatic ring, polycyclic aromatic hydrocarbons, and metal 
complexes having formula MX, where M is metalion, X is 
selected from the group consisting of Group 14 through 
Group 17 anion, m is an integer from 1 to 10, and n is a 
number selected to charge balance the metal cluster so that the 
metal cluster has a predetermined electric charge, and com 
binations thereof. 

16. The gas storage material of claim 1 wherein the metal 
organic framework further comprises an interpenetrating 
metal-organic framework that increases the Surface area of 
the metal-organic framework. 

17. The gas storage material of claim 1 wherein the multi 
dentate linking ligand has 6 or more atoms that are incorpo 
rated in aromatic rings or non-aromatic rings. 

18. The gas storage material of claim 1 wherein the multi 
dentate linking ligand has 12 or more atoms that are incorpo 
rated in aromatic rings or non-aromatic rings. 

19. The gas storage material of claim 1 wherein the one or 
more multidentate linking ligands comprise a ligand selected 
from the group consisting of ligands having formulae 1 
through 21: 

co 
X Br 

X X 

(OS 
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—COH, silyl derivatives; borane derivatives; and ferrocenes 
and other metallocenes; M is a metal atom, and R is Co 
alkyl. 

20. A hydrogen storage material comprising a metal-or 
ganic framework, the metal-organic framework comprising: 

a plurality of metal clusters, each metal cluster comprising 
one or more metal ions and at least one open metal site; 
and 

a plurality of charged multidentate linking ligands that 
connect adjacent metal clusters, wherein the metal-or 
ganic framework includes one or more sites for storing 
molecular hydrogen. 

21. The hydrogen storage material of claim 20 wherein the 
metal-organic framework further comprises a plurality of 
pores for hydrogen adsorption. 

22. The hydrogen storage material of claim 20 wherein the 
plurality of pores have a multimodal size distribution. 

23. The hydrogen storage material of claim 20 wherein the 
metal-organic framework comprises copper ion and 

COS COS 

CO cop. 
(BPTC) 

24. The hydrogen storage material of claim 20 wherein 
each metal cluster comprises 2 or more metal ions and each 
ligand of the plurality of multidentate ligand includes 2 or 
more carboxylates. 

25. The hydrogen storage material of claim 20 wherein the 
metal ion selected from the group consisting of Group 1 
through 16 metals of the IUPAC Periodic Table of the Ele 
ments including actinides, and lanthanides, and combinations 
thereof. 

26. The hydrogen storage material of claim 20 wherein the 
metalion selected from the group consisting of Li", Na', K", 
Rb", Be?", Mg", Ca?", Sr.", Ba?", Sc", Y3+. T1*. Zr", 
Hi?t, v4+, v3+, v2+, Nb", Tast, Cr3+, Mo*W*, Mn", 
Mn?", Re", Re?", Fe", Fe?", Ru", Ru?", Os", Os?", Co", 
Co?", Rh2", Rht, Ir?", Ir', Ni2+, Ni", Pd?", Pd, Pt?", Pt", 
Cut, Cu, Ag", Au, Zn, Cd", Hg, Al", Ga", In, 
T13+, Si", Si2+, Ge", Ge?", Sn", Sn?", Pb?", Pb2+, As", 
As", As", Sb", Sb", Sb, Bi", Bi", Bi", and combinations 
thereof. 

27. The hydrogen storage material of claim 20 wherein the 
metal cluster has formula MX, where M is metal ion, X is 
selected from the group consisting of a Group 14 through 
Group 17 anion, m is an integer from 1 to 10, and n is a 
number selected to charge balance the metal cluster so that the 
metal cluster has a predetermined electric charge. 

28. The hydrogen storage material of claim 27 whereinX is 
selected from the group consisting of O, N, and S. 

29. The hydrogen storage material of claim 27 wherein M 
is selected from the group consisting of Mg", Ca", Sr.", 
Ba?", v2+, v3+. v4+, vst, Mn?", Re?", Fe, Fe", Ru", Ru?", 
Os?", Co?", Rh?", Ir2", Ni2+, Pd2+, Pt2+. Cu?", Zn2", Cd?", 
Hg, Si", Ge", Sn", and Pb". 

30. The hydrogen storage material of claim 1 wherein the 
metal-organic framework further comprises a non-linking 
ligand. 
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31. The hydrogen storage material of claim 30 wherein the 

non-linking ligand is selected from the group consisting of 
O', sulfate, nitrate, nitrite, sulfite, bisulfite, phosphate, 
hydrogen phosphate, dihydrogen phosphate, diphosphate, 
triphosphate, phosphite, chloride, chlorate, bromide, bro 
mate, iodide, iodate, carbonate, bicarbonate, Sulfide, hydro 
gen Sulphate, selenide, selenate, hydrogen selenate, telluride, 
tellurate, hydrogen tellurate, nitride, phosphide, arsenide, 
arsenate, hydrogen arsenate, dihydrogen arsenate, anti 
monide, antimonate, hydrogen antimonate, dihydrogen anti 
monate, fluoride, boride, borate, hydrogenborate, perchlor 
ate, chlorite, hypochlorite, perbromate, bromite, 
hypobromite, periodate, iodite, hypoiodite; and mixtures 
thereof. 

32. The hydrogen storage material of claim 20 wherein the 
metal-organic framework further comprising a guest species. 

33. The hydrogen storage material of claim 32 wherein the 
guest species increases the Surface area of the metal-organic 
framework. 

34. The hydrogen storage material of claim 32 wherein the 
guest species is selected from the group consisting of organic 
molecules with a molecular weight less than 100 g/mol, 
organic molecules with a molecular weight less than 300 
g/mol, organic molecules with a molecular weight less than 
600 g/mol, organic molecules with a molecular weight 
greater than 600 g/mol, organic molecules containing at least 
one aromatic ring, polycyclic aromatic hydrocarbons, and 
metal complexes having formula MX, where M is metalion, 
X is selected from the group consisting of a Group 14 through 
Group 17 anion, m is an integer from 1 to 10, and n is a 
number selected to charge balance the metal cluster so that the 
metal cluster has a predetermined electric charge, and com 
binations thereof. 

35. The hydrogen storage material of claim 20 wherein the 
metal-organic framework further comprises an interpenetrat 
ing metal-organic framework that increases the Surface area 
of the metal-organic framework. 

36. The hydrogen storage material of claim 20 wherein the 
multidentate linking ligand has 6 or more atoms that are 
incorporated in aromatic rings or non-aromatic rings. 

37. The hydrogen storage material of claim 20 wherein the 
multidentate linking ligand has 12 or more atoms that are 
incorporated in aromatic rings or non-aromatic rings. 

38. The hydrogen storage material of claim 20 wherein the 
one or more multidentate linking ligands comprise a ligand 
selected from the group consisting of ligands having formulae 
1 through 20: 
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17 39. A hydrogen storage system comprising: 
-O O a container having a storage cavity; 

a hydrogen storage material positioned within and filling at 
50 least a portion of the hydrogen storage container, the 

hydrogen storage material comprising a metal-organic 
framework, the metal-organic framework including: 

a plurality of metal clusters, each metal cluster comprising 
55 one or more metal ions; and 

a plurality of charged multidentate linking ligands that 
connect adjacent metal clusters, wherein the metal-or 
ganic framework includes at least one open metal site 
and having a sufficient number of accessible sites for 

60 atomic or molecular adsorption of molecular hydrogen. 
40. The hydrogen storage system of claim 39 wherein the 

metal-organic framework further comprises a plurality of 
pores for hydrogen adsorption. 

41. The hydrogen storage system of claim 39 wherein the 
65 plurality of pores have a multimodal size distribution. 

42. A method of forming a metal-organic framework 
(MOF), the method comprising: 
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a) combining a solution comprising a solvent and metal 
ions selected from the group consisting of Group 1 
through 16 metals including actinides, and lanthanides, 
and combinations thereof with a multidentate linking 
ligand to form a percursor MOF; and 

b) removing one or more ligands from the precursor MOF 
to expose one or more open metal sites. 

43. The method of claim 42 wherein the one or more 
ligands removed in step b) are removed by heating the pre 
cursor MOF. 

44. The method of claim 42 wherein the precursor MOF is 
heated to a temperature from about 30° C. to about 300° C. 

45. The method of claim 42 wherein the one or more 
ligands removed in step b) are removed by exposing the 
precursor MOF to a vacuum. 

46. The method of claim 42 wherein the vacuum is char 
acterized by having a pressure from about 10 torr to about 
700 torr. 
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47. The method of claim 42 wherein the one or more 

ligands removed in Step b) are removed by simultaneously 
heating the precursor MOF and by exposing the precursor 
MOF to a vacuum. 

48. A gas storage material comprising a metal-organic 
framework, the metal-organic framework comprising: 

a plurality of metal clusters, each metal cluster comprising 
one or more metalions and at least open accessible metal 
site; and 

a plurality of charged multidentate linking ligands that 
connects adjacent metal clusters, wherein the metal 
organic framework includes one or more sites for storing 
a gas, the gas comprising available electron density for 
attachment to the one or more sites for storing gas. 
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